I
ntracellular transport is essential for morphogenesis and functioning of the cell. After synthesis, proteins and lipids are sorted and transported to specific destinations within the cell as membranous organelles or protein complexes. The trafficking of proteins is tightly regulated and various different types of proteins are known to be involved. The kinesin superfamily proteins (KIFs) have been shown to transport organelles, protein complexes, and mRNAs to specific destinations in a microtubule-and ATP-dependent manner (1) (2) (3) . KIFs are not only involved in the transport of organelles, protein complexes, and mRNAs, but also participate in chromosomal and spindle movements during mitosis and meiosis (4) (5) (6) .
KIFs contain amino acid sequences that are highly conserved among all eukaryotic phyla studied thus far. Within the motor domain, there are two conserved sequences that are proximal to a Walker A ATP binding motif and a microtubule binding domain (2, 5, 7) . Outside the motor domain, KIFs show few similarities. Interactions with cargo molecules have been shown to occur in regions outside the motor domain. Recently, it has been clearly shown that several KIFs attach to specific cargoes through interactions with adaptor proteins in these regions (8, 9) .
Here, we report the identification of all KIFs in the mouse and human genomes. There are 45 members in total. Additional KIFs were identified by PCR cloning. The total number of KIFs was confirmed by a BLAST search of proteins in public and private genome databases. A unified nomenclature and phylogenic analysis also are presented to help categorize and understand functions of KIFs. This will set the foundation of KIF and intracellular transport research.
Materials and Methods
Identification of Additional KIFs by PCR Cloning. To obtain sequences of mouse KIFs, PCR was conducted by using mouse cDNA and degenerate primers. Upstream primer sequences were derived from a putative ATP-binding motif and downstream primers from a conserved region 5Ј to the second microtubule binding site (see Table 2 , which is published as supplemental data on the PNAS web site, www.pnas.org). mRNA was isolated from 6-or 2-week-old or embryonic ICR mice (Oriental Yeast, Tokyo) tissue by the method of Okayama et al. (10) for reverse transcription (RT). RT was conducted by using the Choice cDNA synthesis system (Life Technologies, Rockville, MD). PCR was conducted for 40 cycles at 96°C for 30 sec, 55°C for 90 sec, and 72°C for 60 sec in a GeneAmp PCR system 9700 Thermal cycler (Perkin-Elmer). PCR products were blunted and subcloned into an EcoRV-digested pBluescript KS(ϩ) vector (Toyobo, Osaka). Sequencing was performed by using the Dyenamic ET primer and Deza sequencing kit (Amersham Pharmacia) and an Applied Biosystems 377 DNA sequencer (Perkin-Elmer).
Northern Blotting. Obtained mRNAs also were used for Northern blotting whose results are shown in Fig. 1, KIF2B and KIF18A. Two micrograms of mRNA was run on a 1% formaldehyde agarose gel and transferred to Duralon UV uncharged nylon membranes (Stratagene). Semidried membranes were UVcrosslinked by using a Spectrolinker XL-1000 (Spectronic, Rochester, NY). The Northern blotting sheet used in Fig. 1 for KIF24 was purchased from CLONTECH. The sheet for KIF18B was purchased from Origene Technologies (Rockville, MD). KIF16B and KIF19A were analyzed by using Northern blotting sheets purchased from Ambion (Austin, TX). Random primed 32 P-labeled probes were prepared by using the T7 Quick prime kit (Amersham Pharmacia). Hybridization was performed as described (11, 12) . Radioactivity was visualized by using the Fuji Biological Analysis System BAS-2000. Membranes were exposed to a BAS-MS imaging plate, and the plate was processed through a BAS-2000.
exhaustive TBLASTN search was conducted to detect KIF transcripts in the complete human genome. After obtaining all KIFs, the amino acid sequences between IFAY and LAGSE motifs were subjected to phylogenic analysis. In Fig. 2 , human and mouse homologs were aligned with CLUSTAL W (13) software by the neighbor-joining method (14) . The phylogenic tree was drawn with MACVECTOR software (Oxford Molecular, Cambridge, U.K.). For Fig. 3 , maximum parsimony was calculated (15) , and the phylogenic tree was drawn by using TREEVIEWPPC (16) . Bootstrap values were assessed by 10,000 random samplings. Classification of all KIFs were carried out as described (2) . Sequences used in this study can be obtained from our supplemental data or through the Celera database public segment (found on the web at www.celera.com).
The KIFs presented here were identified by the following criteria: conservation of upstream Walker A ATP-binding motifs and a LAGSE or similar sequence Ϸ150-200 aa residues downstream, a YXXXXXDLL motif where X is any amino acid, and a SSRSH motif located between the Walker A and LAGSE sequences. Two predicted transcripts contained only the LAGSE consensus, and two transcripts had only IFAY sequences. In other organisms, a gene encoding only the LAGSE region and another encoding only IFAY were found in Drosophila. The prediction of KIFs using conventional software will automatically predict LAGSE-containing proteins to be KIFs. However, in a previous study it has been implied that the motor domain cannot be separated into modules (17) . This indicates that IFAY and LAGSE sequences must be present at an appropriate order and spacing. Therefore, sequences lacking conserved motifs may not function as molecular motors and were excluded from this study. Additionally, genes from the same locus were considered to be splice variants and were omitted.
Results and Discussion
KIFs Previously Identified in Our Laboratory. Previously, we have identified 25 KIFs in mice (11, (18) (19) (20) (21) (22) . Most were found by using molecular biological approaches. This study presents all KIFs in mouse and human and concludes the search for further unidentified KIFs.
Identification of 13 Additional KIFs. We report 10 previously unidentified KIFs. KIF18B, KIF19A, KIF23, and KIF24 were identified in adult mouse brain, spinal cord, and small intestine cDNA by PCR. KIF23 has been reported in humans (23), but we have isolated it from mice by using PCR. KIF2B and KIF18A were found in embryonic cDNA by PCR. KIF4A and KIF4B, and KIF19A and KIF19B have a highly homologous motor domain. Therefore, it was difficult to discriminate the differences between them by PCR. These paralogs were found by using KIF4A and KIF19A amino acid sequences, respectively, as a template for BLAST searches. KIF26A and KIF26B also were discovered by BLAST searches using ScSMY1 as a template. SMY1 has amino acid motifs similar to KIF motor domains, although it may not be functional (24) . With the exception of KIFs with motor domain sequences similar to that of SMY and therefore having low conservation in amino acid motifs, we were able to identify all KIFs by PCR.
KIF2C (25) , KIF20B (26) , and KIF25 (27) have been reported in humans and not in mice and were found in mice by our database search.
KIFs presented in this paper and previously identified KIFs were found by cross-hybridization methods or PCR using degenerate primers (11, 18, 28) . These methods are laborious, hazardous, and time consuming. With this report there is no further need to search for new KIFs. However, the actual number of functional KIFs can only be determined after completing endogenous protein purification, peptide sequencing, and motility assays.
Tissue Distribution of Additional KIFs. As part of our preliminary results concerning novel KIFs, Northern blotting results of KIF2B, KIF16B, KIF18A, KIF18B, KIF19A, and KIF24 are shown in Fig. 1 . KIF2B is ubiquitously expressed in 2-week-old mice at 2.8 kb. KIF16B displays an intense 4-kb band in the testis lane and a 3.3-kb band in the brain lane. KIF18A is expressed in adult lung and embryonic head. The band migrates at 4.6 kb. The 3.9-kb band corresponding to KIF18B is most intense in adult testis. It is also highly expressed in the spleen and thymus and weakly in kidney, liver, lung, skin, small intestine, and stomach. No signal is detected in adult brain, heart, and muscle. KIF19A transcripts are found in adult testis, lung, and brain. A strong doublet band can be seen in the ovary lane. There are also bands in the embryo and spleen lanes. The higher band in ovary corresponds to a protein of 4.6 kb, the lower band to a protein Northern blotting of additional KIFs. KIF2B is expressed ubiquitously in 2-week-old mouse tissue. KIF16B mRNA is detected in testis as a 4.1-kb band and a 3.3-kb band in brain. KIF18A was found in adult brain and embryonic head. KIF18B expression is dominant in testis. KIF19A is detected in testis, lung, and brain. KIF24 bands are seen in testis and spleen lanes. Ts, testis; Si, small intestine; Kd, kidney; Ht, heart; Br, brain; Sp, spleen; Sc, spinal cord; Lv, liver; Lu, lung; Pa, pancreas; Eh, embryo head; E, embryo; Sm, skeletal muscle; St, stomach; Ty, thymus; Ov, ovary. of 3.8 kb. The lower band is found in testis and lung. The brain, embryo, and spleen lanes display a slightly lower band. KIF24 bands corresponding to proteins of 7.4 kb are found in the testis and spleen lanes.
Mouse and Human Similarity. After obtaining all KIFs as described above, we next compared mouse and human KIFs. A phylogenic tree showing the analogy of murine and human KIFs is presented in Fig. 2 (Fig. 3) . Sequences used are available as supplemental data. Using this occasion, a unified nomenclature is proposed (Table 1) , which will abolish redundant designations that confuse researchers inside and outside this field of science.
The number of KIFs is in accordance with the total number of genes in comparison with other phyla. The entire human genome is predicted to have 30,000 to 35,000 genes. The number of KIFs found in Drosophila and C. elegans are 23 and 21, respectively (Fig. 3) . This is approximately half that of humans. The predicted numbers of genes in these two organisms are 13,601 and 18,424, respectively, likewise roughly half that of humans. S. cerevisiae has 6,241 proteins, of which six are KIFs. The total number of proteins is one-fifth of humans but there are less than a seventh of KIFs. This may be another example of the increased necessity of KIFs for higher cell function.
Three major types of KIFs have been identified according to the position of the motor domain: the NH 2 -terminal motor domain type (32, 33) , middle motor domain type (18, 34, 35) , and COOH-terminal motor domain type (21, 30, 36, 37) (referred to below as N-kinesins, M-kinesins, and C-kinesins, respectively). This study unexpectedly revealed abundant Nkinesins and few M-and C-kinesins (Fig. 3) . Of the 45 KIFs, there are only three M-kinesins and C-kinesins each, leaving 39 N-kinesins. Of the 39 N-kinesins, two are monomeric and 37 seem to be multimeric.
There are 14 classes in total. C-kinesins are classified into two classes, C-1 kinesin and C-2 kinesin. M-kinesins make one class. N-kinesins are classified into 11 classes, comprising 16 families. Most classes consist of one family with the exception of N-3, N-4, and N-8 classes. N-3 kinesins consist of Unc104͞KIF1, KIF13, and KIF16 families. Members of the Unc104͞KIF1 family are mostly monomeric (29, 19) , and amino acid sequences imply that those of the KIF16 family are multimeric (M.S., unpublished data). Members of the KIF13 family also have different characteristics (9) . Thus, these families form subgroups within N-3 kinesins. N-4 kinesins consist of the KIF3 family and Osm3͞ KIF17 family. KIF3s are heterotrimeric, and Osm3͞KIF17 form homodimers, indicating that these two families are distinct within this class. N-8 kinesins consist of the KIF18 family and Kid͞KIF22 family. Due to the lack of similarity in the functional Kid domains, the KIF18 family was separated (38) . This separation is supported by data obtained by using the neighborjoining method (Fig. 2) .
Most of the KIFs of other species including plants could be categorized into these 14 classes (data not shown). Below, we present a brief summary of the characterization of each kinesin class.
N-1 Kinesins. This class consists of the kinesin heavy chain (KHC) family. KHC, the first KIF reported (39, 40) , forms a heterotetramer made of two KHCs and two kinesin light chains (41) . KHCs form a highly related family (KIF5A, KIF5B, and KIF5C). KIF5B is expressed ubiquitously in many tissues (42) , whereas KIF5A and KIF5C are specific to nerve tissue (18, 22) . Kinesin initially was characterized as a motor transporting membranous organelles anterogradely toward the plus end of microtubules and forming a crossbridge between membranous organelle and microtubules in nerve axons (32, 39, 40, 43, 44) . However, recent studies have revealed various functions. In a wide variety of cells, kinesin works as a motor for transport of mitochondria, lyso- somes, tubulin oligomer, and mRNA complex toward the plus end of microtubules (3, (45) (46) (47) (48) . The light chains of KIF5 have a role in binding these cargoes (49, 50) . However, in the Ascomycete fungus, Neurospora crassa, kinesin light chains are lacking, implying that KHCs alone are sufficient by themselves for binding to some cargoes (51) . N-2 Kinesins. This class consists of the BimC͞Eg5͞KIF11 family. This family contains KIF11 (Eg5), first found in Xenopus (52), a homotetrameric KIF (53) for bipolar spindle formation (54) . Cell cycle-specific phosphorylation also has been reported in human (55) .
BimC is a well-characterized KIF highly related to Eg5, functioning in cell division (56) . N-3 Kinesins. This class is composed of three families, the Unc104͞KIF1 family, the KIF13 family, and the KIF14 family.
The Unc104͞KIF1 family. There are three KIFs in this family: KIF1A, KIF1B, and KIF1C. C. elegans Unc104 is a homolog of mouse KIF1A (57) . KIF1A is an anterograde motor transporting a subset of synaptic vesicle precursors and plays an important role in neuronal function and survival (29, 58) . KIF1B is thought to convey mitochondria, sharing the role with KIF5B (19, 46) . Interestingly, KIF1A and KIF1B are monomeric (19, 29) . KIF1C is dimeric in vivo (59) and reported to have functions in endoplasmic reticulum-Golgi transport (60) .
The KIF13 family. In mice, this family consists of two proteins, KIF13A and KIF13B. KIF13A transports a cargo containing M6PR through direct interaction with the AP-1 complex (9). KIF13B (GAKIN) is reported to interact with hDLG and PSD95 in vitro with its proximal tail, which is highly conserved from C. elegans (61) .
The KIF16 family. KIF14, KIF16A, and KIF16B constitute a family with DmKlp98a. As the tail domains along with the expression patterns of KIF14, KIF16A, and KIF16B are different, these KIFs may have separate functions.
N-4 Kinesins. This class consists of KIF3 and Osm3͞KIF17 families.
The KIF3 family. The KIF3 family is composed of KIF3A, KIF3B, and KIF3C in mice (18, 20, 62) . A KIF3A-KIF3B heterodimer (KIF3A͞3B) assembles with KAP3, forming a heterotrimeric complex (63, 64) . The motor is expressed ubiquitously and is used for anterograde transport of membranous organelles containing fodrin in neurons (65) . The KIF3 complex and its homolog were shown to transport protein complexes to form cilia (66) (67) (68) (69) . Gene-targeting studies showed that the nodal cilia, in which KIF3A͞B are localized, rotate to generate a unidirectional flow of extraembryonic fluid (nodal flow), which could fundamentally control left-right determination (70, 71) . Without KIF3, there is no nodal flow (70, 71) . Thus, KIF3 is essential for development of the left-right axis determination in embryos (70) (71) (72) .
The Osm3͞KIF17 family. Another molecule closely related to the KIF3 family is Osm3 in C. elegans (73) . Mutations in Osm3   Fig. 3 . Phylogenic analysis of all KIFs expressed in mouse͞humans, D. melanogaster, C. elegans, and S. cerevisiae. Amino acid sequences were aligned by using maximum parsimony. Sequences used for alignment are available as supplemental data or in the public segment of the Celera database (www.celera.com).
cause defects in chemosensory responses (74) . Osm3 is necessary for sensory cilia growth in the dendrites of sensory neurons. Mutations in Osm-3 and Lin-10 result in a similar phenotype in osmotic avoidance, and Lin-10 has defect in glutamate receptor localization (75) . Interestingly, KIF17, a member of this family, binds to mouse homolog of Lin-10 and transports vesicles containing a N-methyl-D-aspartate receptor subunit, NR2B, through the following interactions: KIF17-mLin10-mLin2-mLin7-NR2B (8) . Human KIF17 also is reported to be highly expressed only in central nervous system, possessing a highly conserved Lin-10 binding domain (Kazusa DNA bank).
N-5 Kinesins.
This class is composed of the KIF4 family. A member of this family is KIF4A. KIF4A mRNA is expressed abundantly in juvenile tissues, including differentiated young neurons (76) . KIF4A is a microtubule plus end-directed anterograde motor. Evidence has been shown of KIF4A transporting membranous organelles containing L1 in juvenile neurons (77) . In this study, KIF4B, a transcript highly homologous to KIF4A was identified. Both genes have been assigned to respective loci (78) . Chromokinesin, the chicken isolog of KIF4, is associated with chromosome arms and functions as a mitotic motor with DNA as its cargo (79) . The other members of this family, KIF21A and KIF21B, are assumed to have some role in neurons (31) . DmKlp3a is a critical component in the establishment or stabilization of the central spindle (80) . Thus, members of this family may have multiple functions, including membrane trafficking and cell division. N-6 Kinesins. This class consists of the CHO1͞KIF23 and KIF20͞ Rab6 kinesin families.
The CHO1͞KIF23 family. KIF23 (CHO1) is a KIF involved in mitosis, originally identified by a mAb raised against mitotic spindle components (81). It has been shown to be expressed in cultured neurons (82) .
The KIF20͞Rab6 kinesin family. KIF20A (Rab6-KIF) is reported to have a fundamental role in Golgi-derived vesicle transport (83) and͞or cell division (84) . KIF20B (KlpMPP1) was isolated by using an antibody specific for M-phase phosphorylated proteins (26) . The Drosophila homolog of KIF23, Pavarotti (Pav), is required for central spindle pole organization and cytokinesis (85) .
N-7 Kinesins. The CENP-E͞KIF10 family forms N-7 kinesins. KIF10 (CENP-E) was first identified as a centromereassociated protein (86) . It functions in chromosome segregation (87) . Cenp-meta has a similar function in Drosophila (55) . S. cerevisiae Kip2p, homolog of KIF10, functions in spindle positioning (88, 89) .
N-8 Kinesins. The KIF18 and Kid͞KIF22 families constitute N-8 kinesins.
The KIF18 family. This most recently discovered family of KIFs has not yet been well characterized. The tissue expression patterns of KIF18A and KIF18B are shown in Fig. 1 . This family has a counterpart in Drosophila, but not in C. elegans.
The Kid͞KIF22 family. This family contains KIF22 (Kid), a KIF that colocalizes with mitotic chromosomes and may bind DNA (38) . A highly homologous KIF, Nod is found in Drosophila (90) . We report additional members of this family, KIF19A and KIF19B. KIF19A and KIF19B are highly homologous to each other, but have two loci (see Table 3 , which is published as supplemental data, for accession numbers). We also have detected a splice variant of KIF19A. In the Northern blotting for KIF19A (Fig. 1) , we detected bands at three different heights, in good agreement with the existence of three transcripts. However, only one loci is found in the Celera Discovery System. Further studies are necessary to clarify this inconsistency. N-9 Kinesins. The KIF12 family form this class. KIF12 has been an orphan KIF, not affiliated with any family previously reported (2) . Here, it composes a family with its Dm counterpart, DmCG15844. KIF12 is highly expressed in kidney and may have a significant role in kidney cells (11) .
N-10 Kinesins. The KIF15 family forms this class. KIF15 was reported to be dominantly expressed in spleen and testis (11) . Human KIF15 (Hklp2) is reported to associate with a cell proliferation marker protein (91) . The two C. elegans proteins in this family, C06G3.2 and C33H5.4, seem to be paralogs (Worm Base).
N-11 Kinesins. N-11 kinesins contain the KIF26 family. This family is related to DmCos2 and CeVab-8. Some members of this family have relatively low consensus motif conservation in comparison to other KIFs (see supplemental data). Localization of ScSMY1 is not affected by microtubule abolition (24) . Costal2 (Cos2) has been shown to be part of the hedgehog signaling cascade with microtubule binding abilities (92, 93) . Vab-8 is implicated in the regulation of cell and axon growth cone migration (94) . KIF25 (KNSL3) has four splice variants and is expressed ubiquitously (27) . Three additional KIFs, KIF24, KIF26A, and KIF26B, join this family. Their functions are yet to be determined.
M-Kinesins. The KIF2 family forms M-kinesins. M-kinesins have a motor domain in the center of the molecule (18) . KIF2A (formerly KIF2) forms a homodimer. KIF2A is a microtubule plus end-directed motor and is expressed ubiquitously (34) . The cargo of KIF2A includes ␤ gc , a ␤-subunit of the insulin-like growth factor-1 receptor (95) . A splice variant of KIF2A has been reported (96) . A Xenopus homolog of KIF2A, XKIF2, is reported to destabilize microtubules in vitro (104) . KIF2C (MCAK) was identified as a mitotic-centromere-associated kinesin (35) . KIF2B is a novel member of this family.
C-1 Kinesins. This class contains the Ncd͞Kar3͞KIFC1 family. Several C-type motors, such as Ncd in Drosophila and Kar3 in S. cerevisiae, are motors for meiosis, mitosis, and karyogamy. These family members exhibit a microtubule minus end-directed motility (36, 37) . Mammals have a counterpart, KIFC1 (21) . It is noteworthy that C. elegans has developed many KIFC1 homologs. A highly related KIF also has been reported (97).
C-2 Kinesins. The KIFC2͞C3 family constitutes C-2 kinesins. Three C-type KIFs have been identified in mouse brain. KIFC2 forms a homodimer without associated polypeptides (21) . It is a unique C-type motor that mainly functions in the dendritic transport of multivesicular body-like membranous organelles (21) . KIFC3 is ubiquitously expressed (11) .
A large number of C-kinesins were expected to function in the complex dendritic transport. Recently, it has been revealed that N-kinesins, plus end-directed motors, play important roles not only in axons but also in dendrites (8, 31) . Indeed, the distal portions of developed dendrites have microtubule plus ends directed to the tips, having the same polarity as axons. The ''mixed polarity'' of microtubules exists only in proximal portions of dendrites. Future work should reveal the roles of KIFs in dendrites, which requires an accurate delivery regulation mechanism in comparison to axonal transport. Additionally, if the same motor for axonal transport is used for dendritic transport, how cargoes orient KIFs toward specific destinations will be a key question that needs to be answered in future studies.
Orphans. These KIFs have no counterpart in Drosophila or C. elegans. KIF6 and KIF9 are localized near the BimC family. The full-length sequences of KIF6 and KIF9 are not similar with BimC. The phylogenic distance between KIF9 and KIF6 is large, implying that they do not form a family. These molecules may have evolved to attain other functions in mammals. KIF9 has a homolog in Chlamydomonas, Klp1 (98) .
KIF7 has no evident homolog in Drosophila, C. elegans, or S. cerevisiae. Originally identified from murine brain by using PCR, it was found to be dominantly expressed in the testis by Northern blotting (11) .
There have been reports of many proteins, RNA, and membranous organelles transported in a microtubuledependent manner (99) . Forty-five KIFs are insufficient to transport all organelles and vesicles. There must be a way to transport various cargoes using a limited number of KIFs. Other KIF members may arise through improved transcription algorithms. Alternative splicing also may increase the number of KIFs contributing to intracellular transport, and adaptor proteins also may contribute. The search for adaptor proteins other than kinesin light chains and kinectin (100) has begun (8, 9) . The trend has extended to myosin research (101) . To elucidate the mechanism of intracellular transport, the regulation of cargo binding is also an important problem. Currently, there are only a few reports clarifying this essential topic (102) . Another question is how cargo and KIF dissociate. To enable cargo proteins to function properly, this dissociation is indispensable.
Concerning how each KIF recognizes and binds to their specific cargo molecules, one significant method is the formation of a receptor-adaptor (scaffold͞scaffolding protein)-motor complex as in the case of KIF3, KIF17, and KIF13A (8, 9, 63) . Alternatively, KIFs can bind to membrane proteins through light chains (49, 50) . These adaptor proteins may contribute in increasing the variety of cargoes a KIF can convey. Thus, it is rapidly becoming clear that the cell uses a number of KIFs and tightly controls the direction, destination, and velocity of transports for various important functional molecules.
We are grateful to members of the Hirokawa laboratory, especially Dr. T. Nakagawa. This work was supported by a grant for Center of Excellence (COE) from the Ministry of Education, Science, and Culture (to N.H).
